ABSTRACT: Catastrophic population declines in marine top predators in the northern Pacific have been hypothesized to result from nutritional stress affecting reproduction and survival of individuals. However, empirical evidence for food-related stress in wild animals is frequently lacking or inconclusive. We used a field endocrinology approach to measure stress, identify its causes, and examine a link between stress and population processes in the common murre Uria aalge. We tested the empirical relationship between variations in the stress hormone corticosterone (CORT) and food abundance, reproduction, and persistence of individuals at declining and increasing colonies in Cook Inlet, Alaska, from 1996 to 2001. We found that CORT secretion in murres is independent of colony, reproductive stage effects, and gender of individuals, but is directly negatively correlated with abundance of their food. Baseline CORT reflected current food abundance, whereas acute stress-induced CORT reflected food abundance in the previous month. As food supply diminished, increased CORT secretion predicted a decrease in reproductive performance. At a declining colony, increased baseline levels of CORT during reproduction predicted disappearance of individuals from the population. Persistence of individuals in a growing colony was independent of CORT during reproduction. The obtained results support the hypothesis that nutritional stress during reproduction affects reproduction and survival in seabirds. This study provides the first unequivocal evidence for CORT secretion as a mechanistic link between fluctuations in food abundance and population processes in seabirds.
INTRODUCTION
The identification of causes and consequences of stress in populations of wild animals is a fundamental ecological problem. Food limitations have long been suggested to control seabird population dynamics by altering the survival and reproductive performance of individuals (Lack 1966) . During the past 3 decades, catastrophic population declines have occurred among some seabirds in the northern Pacific (Hunt & Byrd 1999) . It has been hypothesized that deterioration of food resources during reproduction resulted in foodrelated stress, which in turn reduced fitness of marine top predators (Merrick et al. 1987 , Hunt et al. 1996 , Piatt & Anderson 1996 . However, an empirical relationship between food availability and stress has not been previously quantified in free-living seabirds, and the direct effect of food-related stress on reproduction and survival of individuals has yet to be elucidated. The present paper provides the first unequivocal evidence for food-related stress as a mechanistic link between fluctuations in food abundance during reproduction and population processes in seabirds.
Traditional methods for measuring food-related stress in free-living seabirds are not always effective. In this context, food-related stress can be defined as changes in the physiological condition of individuals that experience a shortage of food that impairs their ability to reproduce successfully. Alternatively, less severe food shortages may allow reproduction to proceed, but low post-fledging survival of young raised on low quality/quantity diets may precipitate reproduc-tive failure and/or affect their recruitment to breeding populations (Thompson & Ollason 2001) . More importantly, breeding during suboptimal foraging conditions may be detrimental to post-reproductive survival of adults (e.g. Kitaysky et al. 2001b , Golet et al. 2004 . In long-lived animals, food-related stress is most likely to affect reproductive success (e.g. Kitaysky & Golubova 2000) or the survival of young rather than that of adults (Williams 1966 ). Yet, in some species, young may tolerate large fluctuations in food supply and fledge successfully despite severe food shortages (e.g. Kitaysky 1999 , Wanless et al. 2005 , Benowitz-Fredericks et al. 2006 , and survival of chicks may be affected by factors independent of food supplies, such as predation and inclement weather (e.g. Lloyd 1979 , Regehr & Montevecchi 1997 . In others, parents buffer their young from variations in food availability by increasing their effort in foraging during food shortages (Shea & Ricklefs 1995 , Zador & Piatt 1999 , 2001b . Furthermore, long-lived seabirds do not recruit to breeding colonies until they are several years old and frequently forego reproductive attempts (e.g. Mougin et al. 1997) ; therefore, a time series of several decades is required to assess the consequences of current environmental conditions on future population dynamics (Thompson & Ollason 2001) . Thus, empirical evidence for the direct effects of food-related stress on seabird reproduction and survival is difficult to obtain while using traditional methods. In this study, we used a field endocrinology approach to measure stress, identify its causes, and to examine the hypothesized link between food-related stress and population processes in the common murre Uria aalge -one of the most abundant seabirds in the North Pacific.
Birds respond to food stress by increasing secretion of the steroid hormone corticosterone (CORT, the primary avian glucocorticoid). Results of controlled experiments suggested a direct relationship between food availability and secretion of stress hormones in birds (Kitaysky et al. 1999a , 2001a , Pravosudov et al. 2001 , Lynn et al. 2003 , Clinchy et al. 2004 , Pravosudov & Kitaysky 2006 . Specifically, baseline CORT was found to be proportional to the severity of experimentally induced nutritional deficits in the young of several species of seabirds (reviewed in Kitaysky et al. 2003) . In adult free-living birds, experimental food supplementations also reduced CORT secretion (Lanctot et al. 2003 , Clinchy et al. 2004 ). However, effects of food supplementation on CORT in adults were not consistent across the reproductive season (e.g. Lanctot et al. 2003) , probably reflecting temporal changes in the natural food availability and/or physiological transitions of birds between different stages of reproduction (Kitaysky et al. 1999b , Wingfield & Kitaysky 2002 . Also, there is a possibility of synergistic effects of foodrelated stress with other ecological factors, such as predator and parasite pressures (e.g. Clinchy et al. 2004 , Roauf et al. 2006 , inclement weather , and changes in parental effort at different stages of a bird's reproductive cycle (Kitaysky et al. 1999b) .
The field endocrinology approach potentially offers an opportunity to discriminate between short-term and chronic effects of food stress on free-living individuals. Baseline CORT concentrations (measured in the blood of undisturbed birds immediately after capture) increase quickly (within hours or days) in response to a food shortage (Lynn et al. 2003 , Edwards 2004 . During prolonged food shortages, when animals are exposed to chronically elevated baseline CORT secretion, their adrenal function is enhanced (Akana et al. 1992 , Dallman et al. 2004 , which results in higher maximum CORT production in response to a standardized stressor (capture, handling, and restraint, sensu Wingfield 1994 , hereafter called 'acute stress'). Thus, acute stress-induced CORT levels may provide an integrative measure of an individual's nutritional history over longer time periods (wk) than baseline CORT (d) (Kitaysky et al. 2001a (Kitaysky et al. , 2005 . In seabirds, acute stressinduced CORT is expected to correspond to food availability and baseline CORT measures taken several weeks earlier (Kitaysky et al. 2001a) .
The goals of the present study were (1) to measure physiological stress and to identify its causes in breeding seabirds and (2) to establish a link between stress during reproduction and the patterns of fecundity and persistence of individuals in a population. The specific objectives were (a) to assess variability in CORT secretion between colonies (with declining versus increasing numerical trajectories during the past 2 decades) within a single population, among years (1996 to 2001) and reproductive stages (egg-laying, incubation, and chick-rearing), and in relation to gender of individuals; (b) to directly measure intra-seasonal and inter-annual changes of food abundance in the vicinities of colonies (1996 to 1999); and (c) to determine colony-wide reproductive performances at the various stages of reproduction (1996 to 2001) and persistence of individuals in a colony (1997 to 2001) .
MATERIALS AND METHODS
We conducted the present study at 2 major seabird colonies in Cook Inlet, Gulf of Alaska, from May to September in 1996 to 2001. The colonies are about 100 km apart and are situated in oceanographically distinct habitats (Robards et al. 1999 (Robards et al. , 2002 . Duck Island (west side of Cook Inlet; 60°09' N, 152°34' W) is surrounded by weakly stratified, relatively warm estuarine waters, whereas Gull Island (east side of Cook Inlet; 59°35' N, 151°19' W) is surrounded by colder, oceanic waters with warm surface layers that result from runoff (Robards et al. 1999) . Common murres Uria aalge breeding on these colonies are morphologically and genetically indistinguishable (J. F. Piatt & V. Friesen unpubl. data; S. V. Drovetski, A. S. Kitayski, J. F. Piatt unpubl.). Currently, common murres are much more numerous on Gull Island (4000 breeding pairs) compared to Duck Island (1200 breeding pairs). However, the numbers of birds breeding on these islands changed drastically over the past 3 decades -they steadily declined at Duck Island (-8.9% yr -1 ) and increased at Gull Island (+ 9.1% yr -1 ) (Piatt 2002) . From 1998 to 2001, the survival estimates of adult murres were consistently lower at Duck Island (90.8%) than at Gull Island (94.0%) (Piatt 2004) .
Blood sample collection and CORT assays. Birds were captured from their nesting sites using noose poles. In each year, birds were sampled during daylight hours every 2 wk from June to September (except that in 1996 birds were sampled only once on Gull Island at the incubation stage). Reproductive stages (egg-laying, incubation, and chick-rearing) and breeding status of birds were verified by the presence of a brood patch, egg, or chick at the capture site. For all birds (n = 523), initial blood samples were taken within 3 min of capture. It takes at least 3 min for levels of CORT to begin to rise in the blood in response to a stressor (Romero & Reed 2005 ) so this first sample provides a baseline measure of circulating CORT and does not reflect the stress induced by capture. Some birds (n = 276) were then held in breathable mesh bags, and additional blood samples were taken at 10, 30, and 50 min post-capture. Because the rate at which CORT levels rise can differ among individuals (e.g. Cockrem & Silverin 2002 , Cockrem 2004 , for each bird we chose the sampling point that yielded the highest levels of CORT; in all cases this was the 30 or 50 min sample. This parameter (maximum CORT level attained in response to a standardized capture, handling, and restraint stressor) reflects the birds' ability to produce CORT. Approximately half of all birds were released after collection of the baseline sample; therefore, sample sizes are smaller for maximum CORT. All bleeds were taken from the brachial vein; blood samples were kept on ice until centrifugation to separate the plasma from the red blood cells. Plasma was drawn off red blood cells and kept frozen until assayed for corticosterone. While being held, all birds were banded with metal US Fish and Wildlife bands and a combination of colored plastic bands, which ensured that no individual was sampled twice and allowed us to monitor individual birds.
Hormone assay. Total corticosterone was measured using a radioimmunoassay. For each sample, 20 µl of plasma were equilibrated with 2000 cpm of tritiated corticosterone prior to extraction with 4.5 ml distilled dichloromethane. After extraction, percent tritiated hormone recovered from each individual sample (average hormone recovery was 95%) was used to correct final values. Samples were reconstituted in PBSGbuffer (PBS supplemented with gelatin) and combined with antibody and radiolabel in a radioimmunoassay. Dextran-coated charcoal was used to separate antibodybound hormone from unbound hormone. Inter-and intra-assay variations were < 4% and 2%, respectively.
Beach seines. We conducted the concurrent measurements of food abundance and CORT on a regular schedule (approximately every 2 wk), which allowed us to examine the relationship between CORT levels and food abundances during 3 different time intervals: within the current 2 wk, within the current month, and during the previous month (i.e. CORT measurements lagged behind food measurement with a period of 1 mo). We used beach seines to measure forage fish abundance in waters adjacent to breeding colonies where birds foraged. Beach seines effectively and nonselectively sample shallow, inshore waters with smooth bottoms (Cailliet et al. 1986 ). Samples were collected about every 2 wk during May through September, 1996 to 1999 (detailed methods are described in Robards et al. 1999 and Abookire et al. 2000) . Nets were deployed from a small boat and set parallel to shore, about 25 m from the beach. Seine catch per unit effort (CPUE) mirrored patterns of fish abundance offshore in mid-water trawls and hydro-acoustic surveys (Robards et al. 1999 , Abookire et al. 2000 , Piatt 2002 ). CPUE was calculated as the total catch of all fish per seine averaged by site and day. Catches consisted of sand lance Ammodytes hexapterus Pallas, Pacific herring Clupea harengus pallasi, Salmonidae, Osmeridae, and Gadidae. The body length of forage fishes sampled in beach seines in general matched those of fishes captured by birds (Piatt 2002) . These fish species comprised > 90% of the seabirds' diets during this study (Kitaysky et al. 1999a , Piatt 2002 . CPUE data were log(x + 1) transformed to meet assumptions required for parametric statistical procedures.
Reproductive performance. We examined relationships between CORT levels and estimates of reproductive performance. Timing of breeding and reproductive performance were measured at all colonies from 1996 to 2001. Reproductive parameters were assessed using study plots and standardized methods (Birkhead & Nettleship 1982) . Breeding parameters were calculated as the mean of plot means. We monitored 5 and 9 plots containing an average of 20 and 13 nest sites (sites with eggs, range 8 to 40) at Gull and Duck Islands, respectively. Plots were checked every 1 to 2 d at Gull and every 3 d at Duck Island. We observed the status of nests from observation points on each island using binoculars at close range from hides. We quantified timing of breeding as the mean of plot medians for lay date. We calculated hatching success as the number of eggs laid that hatched, fledging success as the number of chicks fledged per egg laid, and reproductive success as the number of chicks fledged per nest. Chicks were considered to have fledged successfully if they disappeared from the nest site ≥15 d after hatching because 15 d is the minimum nest departure age for common murre chicks and we never observed mortality in older chicks.
Survival study. We examined the relationship between baseline CORT levels in individuals during a given reproductive season and the presence of those individuals at the colony during subsequent reproductive seasons. We distinguished 'persistence of individuals in a colony' (hereafter called 'persistence') from survival, because we did not survey all colonies in the region and thus were not able to distinguish between mortality and emigration if a bird was subsequently absent from the colony at which it was banded. Furthermore, at least 1 individual banded as a breeder at Duck Island was observed on Gull Island during subsequent years, confirming the possibility for movement of breeding birds between the focal colonies. To measure persistence of birds in a colony, we employed traditional methods. Specifically, we captured adult breeding birds (actively attending a nest site, egg, or chick) and marked them using a numbered stainless steel band and a unique combination of colored plastic leg bands. We collected blood from captured individuals for CORT and genetic analysis of gender, and took measurements of their body mass and skeletal elements. In subsequent years, we conducted re-sighting by intense daily searches throughout the colony for about 6 wk yr -1 , starting before egg-laying and continuing until re-sighting curves reached a plateau, indicating that all marked birds had been encountered (Hatch et al. 1993) . Several years of re-sighting effort are recommended to ensure re-sighting of individuals that have been present in a colony but may be missed if re-sighting effort is limited to only 1 or 2 subsequent years (Lebrerton et al. 1992) . With 5 yr of effort (including 4 yr of banding followed by 4 yr of re-sighting), and using only individuals with complete re-sighting histories, we were able to distinguish among 3 scenarios of a bird's persistence in a colony in relation to its baseline CORT during that current reproductive season. Specifically, individuals were either: (1) re-sighted at the colony in the following year (hereafter 're-sighted'); (2) skipped the following year, but were re-sighted during 2 subsequent years ('skipped'); or (3) were not re-sighted during the following season or during 2 subsequent years ('disappeared').
Sex determination. To identify bird gender, we extracted genomic DNA from blood samples following the salt-extraction protocol described in Medrano et al. (1990) and modified as in Sonsthagen et al. (2004) . We amplified the DNA of 271 individuals using standard polymerase chain reaction (PCR) conditions with the P8/P2 primer set to determine the gender of each bird based on the chromo-helicase-binding domain (CHD) gene. Sex was assigned based on the absence (male: ZZ ) or presence (female: ZW ) of the band for the W chromosome. For quality control purposes, approximately 20% of samples was re-extracted and reprocessed.
Data analysis. All analyses were conducted using the SYSTAT and STATISTICA statistical packages. Data were log-transformed to meet assumptions for normal distribution and homogeneity of variance. Statistical analyses consisted of the following steps.
Measuring stress and identifying its causes: First, to examine whether differences in stress are intrinsic to a colony (Duck vs. Gull Island) and/or to the reproductive stage (egg-laying, incubating, and/or chickrearing), we used univariate conventional ANOVA, where CORT was a dependent variable, and colony, reproductive stage, and year with interaction terms were factors. Second, we used ANCOVA with factors identified as significant in the previous step, and food abundances during current 2 wk (F2W), current mo (FCM), and previous mo (FPM) as covariates. Separate models were run for baseline and maximum CORT levels, and the Bonferonni adjustment of probabilities for multiple comparisons was used. Third, we used the information-theoretic approach to identify suitable models for predicting stress (CORT) in adult murres (Burnham & Anderson 1998 , Anderson et al. 2000 . Specifically, we examined a relative contribution of colony, reproductive stage, year, gender, body mass, and F2W, FCM and FPM, based on ANOVA, multiple regression, and ANCOVA approximating models. We had not planned to use the informationtheoretic approach when we initiated the data collection; thus, we had no a priori reasons to focus on any particular sets/combinations of parameters and included all combinations of factors in our approximating models. We tested 83 approximating models in these analyses (we did not test models that included combinations of all interactions among different factors). We calculated the Akaike information criterion (AIC) for each approximating model using the formula AIC = N ln (σ 2 )+ 2K, where N is sample size, σ 2 is residual sum of squares from a model divided by N, and K is the number of parameters estimated in each model. We converted AIC to AIC c values, which is recommended when sample sizes are small relative to the number of parameters being estimated (N/K ≤ 40; Burnham & Anderson 1998) . The model with the lowest AIC c was considered the best. Then we calculated the Akaike weights (W i ) for each model using the formula:
. These values indicate the approximate probabilities that model i is the best model in the set of models considered, and the relative likelihood that model i is better than model j is W i /W j . We used multi-model inference and determined the set that includes the best model in 95% of all samples (Burnham & Anderson 1998) . Finally, to elucidate the importance of food abundance in determining CORT levels, we used linear regression analyses of means of the colony-specific CORT measured within the current 2 wk against mean food abundances measured either during the current 2 wk, current mo, or during a previous mo, whichever was included in the best fitting model according to the information-theoretic analyses, had a highest beta-weight within the best model, and was also identified as the best predicting variable in univariate analyses.
Testing the relationships between CORT and reproductive performance: We relied on estimates of reproductive performance derived on a colony-wide basis. Concurrent sampling of birds for determination of CORT and reproductive performance has always been done on different groups of birds to avoid the possible effects of capture on estimates of reproductive performance. Relationships between CORT levels and measures of the reproductive performance were not different between the colonies (parallelism of slope tests with p-values > 0.1). We used Spearman correlation analyses to examine relationships between means of colony/yr/stage-specific CORT and reproductive performance values for egg-laying, early incubation, late incubation, and chick-rearing stages. Because CORT levels at earlier stages could affect reproductive performance at later stages (i.e. CORT during incubation may affect fledging success, etc.), we tested all possible combinations of these parameters.
Testing the relationships between CORT and persistence of birds in a colony: A detailed comparison of adult murres' survival between the Duck and Gull colonies has previously been conducted (Piatt 2004) . The specific goal of this current study was to determine persistence of individuals in relation to the foodrelated stress they have experienced, and thus we used a sub-set of all available data that included only complete re-sighting histories for individuals that were sampled for CORT and were not otherwise manipulated (n = 372). We used a 2-way ANOVA with baseline CORT as a dependent variable and colony, fate of birds (re-sighted, skipped, and disappeared as defined above), and interaction between colony and fate as factors. For pair-wise comparisons of the means, we used Tukey honestly significant difference (HSD) post hoc tests.
RESULTS

Baseline CORT levels
Univariate analysis
There was a significant difference in baseline CORT among years (Fig. 1 , see Table 1 for statistical analysis). There were no consistent differences between colonies and stages, rather seasonal dynamics differed among years, colonies, and stages (Table 1) . Overall, baseline CORT levels changed in opposite ways between colonies (significant Year × Colony interaction term); specifically, CORT decreased at Duck Island and increased at Gull Island during the study period (Fig. 1 ). Significant interaction terms between year, colony, and reproductive stage (Table 1) suggest that fluctuations in baseline CORT could not be attributed to the effects of colony and reproductive stage per se; rather, they reflected changes in ecological factors. ANCOVA with year as a factor and measurements of food abundance as covariates confirmed this. Specifically, the year effect became non-significant when controlled for variations in abundance of food (Table 1) , whereas measurements of food abundance had highly significant effects on baseline CORT.
Information-theoretic modeling
The information-theoretic approach identified a model with food abundance as the best approximating model for baseline CORT (Table 2) . Specifically, the model that included F2W (beta weight = -0.75), FCM (beta weight = 0.47), and FPM (beta weight = -0.28) was the top model. Other models including year, colony, stage, and sex of birds should probably not be discounted; however, Akaike weight for the top model was so much higher than that in the next best models (17 and 57 times better for Models 2 and 3, respectively), indicating that Model 1 was much better than Models 2 and 3. Overall, compared to other factors, F2W was by far the most important factor explaining variability in baseline CORT, as it was included as a factor in each of the top 10 models (Table 2) . F2W alone explained 56% of the variability in baseline CORT (Fig. 2) .
Maximum acute stress-induced CORT levels
Univariate analysis
There was a significant difference in maximum CORT among years and stages (Fig. 1, see Table 1 for statistical analysis). However, year and stage effects were not consistent between colonies. During the study period, inter-annual changes in maximum CORT levels differed between colonies -they remained relatively constant at Duck Island and increased at Gull Island (Fig. 1) . Significant interaction terms between year, colony, and reproductive stage (Table 1) rather, maximum CORT levels reflected changes in ecological factors. ANCOVA with year and stage as factors, and measurements of food abundance as covariates confirmed this suggestion. Specifically, the effect of stage disappeared and the effect of year diminished when those factors were controlled for variations in food abundance, whereas FPM had a highly significant effect on maximum CORT (Table 1) .
Information-theoretic modeling
The information-theoretic approach identified a model with FPM (beta weight = -0.85), year (beta weight = 0.20), colony (beta weight = 0.54), and stage (beta weight = -0.44) as the best approximating model for maximum CORT ( Table 2) . The second best model also included sex (beta weight = -0.10) of the birds. Year and FPM were the most important among the top 10 models. FPM alone explained 31% of the variability in maximum CORT (Fig. 2) .
CORT and reproductive performance
Baseline CORT at the egg-laying and incubation stages was negatively correlated with hatching, fledging success, and overall productivity (Table 3) . Baseline CORT at incubation was also positively correlated with phenology of egglaying -in other words, baseline CORT was higher during years with relatively late egg-laying (Table 3) . Baseline CORT at chick-rearing was not correlated with indices of reproductive performance. Maximum CORT levels at early and late incubation were negatively correlated with hatching and fledging success, and maximum CORT at late incubation was negatively correlated with overall productivity (Table 3) . Maximum CORT values at egg-laying and chick-rearing were not correlated with indices of reproductive performance (Table 3) . Maximum CORT was not correlated with phenology of egg-laying (Table 3) . 
CORT and persistence of individuals in the colony
The relationship between baseline levels of CORT and re-sighting of murres at the colonies was different between Duck and Gull colonies (colony × re-sighting interaction term F 2, 366 = 5.53859, p = 0.004; Fig. 3 ). At Duck Island colony, baseline levels were significantly higher among birds that were not re-sighted during 3 consecutive reproductive seasons (disappeared) compared to birds that were re-sighted during a following reproductive season (Tukey post hoc p = 0.005). CORT levels in birds that skipped the next season but were re-sighted during the following 2 seasons were not different from those in birds that disappeared (p = 0.960) or were re-sighted (p = 0.066) at the declining Duck Island colony. There were no differences in baseline CORT among re-sighted, skipped, and disappeared birds at the increasing Gull Island colony (p > 0.267; Fig. 3 ).
DISCUSSION
Fluctuations in availability of food have long been hypothesized to play a major role in regulating seabird populations. In the present study we used a field endocrinology approach to measure stress, identify its causes, and to examine the hypothesized link between food-related stress and population processes in the common murre Uria aalge. A long-term series of measurement of stress and food abundance allowed us to establish: (1) a direct link between changes in food abundance and stress status of individuals, (2) negative effects of food-related stress on fecundity, and (3) negative effects of food-related stress on persistence of individuals in a declining colony.
CORT as a measure of food-related stress
CORT is an important regulator of carbohydrate, lipid, and protein metabolism and thus is expected to play a role during nutritional limitations (reviewed in Sapolsky et al. 2000 , Romero 2004 ). Consequently, several studies suggested that CORT may provide information on the stress status of individuals in relation to the abundance of their food (Kitaysky et al. 1999a , Romero & Wikelski 2000 , Lanctot et al. 2003 , Clinchy et al. 2004 ). However, the idea of using CORT as a direct measure of food availability in free-living animals was controversial (e.g. Lanctot et al. 2003) . First, CORT production in birds may reflect population-specific parameters and/or endogenous changes in the physiology of individuals at different stages of their life cycle (i.e. Wingfield 1994 , Romero et al. 1997 , Kitaysky et al. 1999b , Romero 2002 ). Second, CORT may be released in response to a wide range of adverse environmental conditions (Wingfield 1994 . It was also not well known whether elevated levels of CORT would only be associated with catastrophic events, such as famine (i.e. Romero & Wikelski 2000) ; CORT may also reflect moderate changes in food supplies.
In the current study we have addressed at least some of these concerns and present the first empirical evidence for CORT secretion as a quantitative link between changes in food abundance and stress status in free-living seabirds. Contrary to the first argument, a long-term series of data in our study revealed that secretion of CORT reflects changes in ecological conditions rather than changes that are specific for a particular colony or reproductive stage. We did not find a consistent effect of the colony across years (Fig. 1) . Our results show clearly that baseline and acute stress-induced levels of CORT may change in all possible ways among stages (see Fig. 1 ). We conclude that studies of seasonal changes in the adrenocortical function might yield equivocal results if they are based on short time series that do not cover a full range of environmental conditions. This study calls for a revision of the conclusion regarding the intrinsic contribution of the reproductive stage as a driving force for changes in adrenal activity.
In contrast to the second argument, our results show that in breeding common murres the variability in CORT levels is largely explained by the variations in food supply (Fig. 2) . Specifically, 2 different analytical approaches used in this study confirmed this: univariate analyses showed that colony and reproductive stage had no effect on CORT levels when these factors (with a potentially inherent effect on CORT secretion) were controlled for changes in food availability. The information-theoretic analyses also identified models that included measures of food abundance as the best approximating models for CORT. We are not arguing that other factors do not contribute to changes in CORT in seabirds. It might well be that sickness, parasite infestations, and agonistic social interactions contribute greatly to variation in CORT secretion in seabirds. However, in our study, we sampled only actively breeding individuals; in other words, our sampling was 'biased' toward healthy individuals because all others that were sick, heavily parasitized, or had not accumulated sufficient resources to participate in reproduction were not sampled. Furthermore, our sampling was limited to 'socially established' individuals that have succeeded in securing a nest site, mate, egg, or chick, and others that had failed at those stages were also not sampled. Our selective sampling may explain why the variations in food were by far the most important factors determining CORT secretion in common murres in this study. We would argue that the selection criteria used in our study are not only appropriate, but are strictly required to examine a functional link between food-related stress and population processes in seabirds. We would also argue that, although changes in food abundance explained a large portion of variability in CORT, our assessment of food availability was probably far from the ideal. Specifically, although it is arguably the best practical way to measure temporal and spatial changes in food resources in marine environments, beach seine trawling has provided us with the information on food abundance only. Yet, food availability is the only true measure of foraging conditions in animals, and it may vary depending on distribution and density of patches, distance from a breeding colony, energetic density of prey, etc. Thus, food abundance as we measured it was still only a proxy for food availability, and a significant effect of year on CORT levels (at least in case of the maximum CORT) may easily reflect this imperfection in our measurements of food resources. If food availability rather than food abundance could be measured in marine environments, we expect an even higher proportion of variability in CORT would have been explained by variations in food resources.
The field endocrinology approach offers the possibility to discriminate between short-and long-term changes in food resources, and provides a measure of recovery from food-related stress in free-living indi-viduals. Baseline CORT increases quickly (within hours or days) in response to experimentally induced food shortages (Kitaysky et al. 2001a , Lynn et al. 2003 , Edwards 2004 . Supporting this, concurrent measurements of CORT and food abundance in this study identified that baseline CORT is directly correlated with changes in current food abundance. On the other hand, the adrenocortical stress response integrates changes in food abundance over longer time periods. During prolonged food shortages, when animals are exposed to chronically elevated baseline CORT secretion, their adrenal function is enhanced (Akana et al. 1992 , Dallman et al. 2004 , which results in higher maximum CORT production in response to a standardized stressor (Kitaysky et al. 2001a) . Accordingly, acute stress-induced CORT levels of common murres in the present study were best explained by changes in food abundance during the previous month. Thus, acute stress-induced CORT levels provide an integrative measure of an individual's nutritional history over longer time periods (wk) than baseline CORT (d). In a parallel study of free-living adult black-legged kittiwakes, we found that baseline CORT was also directly related to changes in food abundance during the current 2 wk, whereas their adrenocortical stress response was best correlated with changes in baseline CORT or food abundance during the current month (A. S. Kitaysky, J. F. Piatt unpubl. data) . Similar results were also obtained for juvenile kittiwakes and common murres -their adrenocortical stress response reflected experimentally controlled nutritional history during a 3 to 4 wk period (Kitaysky et al. 1999a (Kitaysky et al. , 2001a . Whether the adrenocortical stress response is related to the severity of food shortages or the recovery from nutritional stress is allometrically related to body size of animals is not currently known. Thus, although it is clear that recent past nutritional history of birds at large defines the magnitude of the adrenocortical response to acute stressors, at least in the species of seabirds we have examined, future controlled experiments should examine the possibility that the time required to recover from food shortages depends on an animal's body size.
To conclude, multiple controlled experiments and observations of adrenal function in wild birds suggested that CORT secretion may be used to assess food stress in seabirds. Results obtained in this current study provide unequivocal evidence for a direct quantitative relationship between natural variability in food and the adrenocortical function in wild seabirds. We conclude that with careful sampling criteria, CORT can be used as a reliable measure of food-related stress and to gauge relative food availability in free-living seabirds. CORT can be used as an ecological indicator, as it is relatively easy to measure, not invasive, and responsive to food shortages in a predictable manner.
It is also very important that we can measure CORT as frequently as desired, unlike other 'remote' processes like food availability.
Food-related stress affects fecundity
Although corticosterone production may reflect the intensity of a stressor, the question remained whether naturally occurring levels of CORT are relevant to reproduction of wild animals (i.e. Lanctot et al. 2003 , Lormee et al. 2003 . We found a persistent negative relationship between increased CORT secretion and fecundity. Because we were able to identify the changes in food abundance as a major factor affecting CORT, this current study provides direct support for the hypothesis that food-related stress during reproduction can contribute to decreased fecundity of seabirds. Specifically, we consistently found negative relationships between CORT and reproductive performance at various stages of reproduction, both within and between colonies. This relationship may be causal. CORT is involved in the regulation of body maintenance processes, in part by modifying the behavior of individuals in accordance with ecological and lifehistory events (Wingfield & Kitaysky 2002) . In particular, an increase in baseline CORT in parent seabirds changes the allocation of resources away from reproductive processes (by decreasing parental care) and towards body maintenance (by increasing foraging; Kitaysky et al. 2001b) . Accordingly, in this study, baseline CORT was a reliable predictor of performance at the current stage (except at chick-rearing). Baseline CORT was a better predictor of reproductive performance compared to maximum CORT. According to correlation analyses, relationships between baseline CORT and reproductive performance were significant in 11 out of 16 possible combinations, while maximum CORT was significant only in 5 out of 16 possible combinations (Table 3) . It is not surprising, however, because the effects of CORT on fecundity are expressed via behavioral modifications; and increases in baseline CORT have been shown to induce behavioral changes, whereas maximum CORT represents only the bird's capacity for stronger physiological and behavioral responses to environmental perturbations. Whether this potential would be realized or not depends on current environmental conditions.
Food-related stress affects persistence of individuals in a colony
It is not well understood whether or not food is a major cause of changes in adult seabird survival (Aebischer & Coulson 1990 , Sandvik et al. 2005 . Furthermore, to establish an effect of food-related stress during reproduction on persistence of adults in a population, one should be able to determine the relative contribution of factors affecting survival of adults during different stages of their life (i.e. during reproductive or post-reproductive stages), which is difficult (Fredericksen et al. 2004) . This is of critical importance, however, as effects of stress during reproduction may not manifest for a prolonged period after a stressful event has already passed (Hunt & Byrd 1999 , Kitaysky et al. 2001b , Golet et al. 2004 .
Several studies have shown a negative relationship between endogenous CORT and survival of individuals (Romero & Wikelski 2000 , Brown et al. 2005 . During El Niño events, increased adrenocortical function in marine iguanas was negatively correlated with their subsequent survival (Romero & Wikelski 2000) . In this case, an El Niño-induced famine was most likely a causal factor inducing increased CORT secretion and survival. However, El Niño may be characterized as a catastrophic event, and whether a relationship between CORT and survival would be observed under less drastic declines in foraging conditions remains to be shown. In another well-studied system, the cliff swallow, higher CORT secretion was related to higher mortality of individuals (Brown et al. 2005) . At least in some cases, increased CORT secretion in swallows could be attributed to a decrease in food availability and/or to metabolic challenges induced by heavy parasite loads in individuals (Raouf et al. 2006 ). However, because food abundance was not quantified in this system, the relative contribution of various factors (i.e. food-related stress and parasite infestation) to survival of adult swallows has not been established.
We found that persistence of individuals in a declining colony is driven by food-related stress during the reproductive period (Fig. 3) . Specifically, individuals that disappeared from this colony had higher levels of CORT compared to individuals that were re-sighted (Fig. 3) . This result supports the hypothesis that population processes and the main factor contributing to population dynamics in seabirds -adult persistence in a colony -are constrained by food resources. The results of re-sighting at a declining colony maybe interpreted in 2 ways: (1) food stress and/or elevated CORT is detrimental to the survival of affected individuals and murres that disappeared from the colony; (2) food stress and/or elevated CORT induced birds to skip reproduction or relocate. In this second case, CORT may be functioning as an anti-stress mechanism, allowing long-lived birds to avoid being stressed by skipping reproduction or permanently leaving the food-poor colony (Wingfield & Kitaysky 2002) . Either way, the disappearance of breeders from the colony was associated with nutritional stress during reproduction.
We also found that persistence of individuals in an increasing colony (Gull Island) is independent of foraging conditions during the reproductive season. These contrasting results for colonies with opposite numerical trends might be explained by several mutually nonexclusive mechanisms. First of all, it is possible that common murres from the focal colonies over-winter in different regions and are exposed to different environmental conditions. Although we cannot rule out this possibility, it is highly unlikely because of a close physical proximity of the colonies and the absence of population differentiation between them. Second, there is a possibility that murres breeding at a declining colony are older individuals compared to those breeding at an increasing colony. Specifically, analyses of survival and recruitment of common murres in Cook Inlet indicate that during the last 2 decades there was virtually no recruitment of young into the colony at Duck Island, in contrast to high recruitment and immigration into the Gull Island colony (Piatt 2004 , S. V. Drovetski, A. S. Kitaysky, J. F. Piatt unpubl.). A senescent decline in survival of common murres has been previously demonstrated (Crespin et al. 2006) and, in combination with the results of this current study, it may suggest that nutritional stress during reproduction has a stronger effect on senescent individuals (breeding at Duck Island) compared to on young individuals (breeding at Gull Island). However, existing evidence argues against this hypothesis. Crespin et al. (2006) showed that senescence affects both survival and reproduction in the common murre. Thus, survival and breeding success of ageing birds at Duck Island are expected to be lower than at Gull Island. However, although survival probabilities were consistently lower at Duck Island, the declining colony (Piatt 2004) , reproductive performance of murres did not differ between Gull and Duck colonies (Piatt 2002) . Furthermore, because food abundance was lower in the vicinity of Duck Island compared to Gull Island (at least from 1996 to 1999; Piatt 2002), murres breeding there have performed better than expected compared to birds breeding at the food-rich Gull Island colony (Piatt 2002) . This conflicting evidence for a possible differential effect of food limitations on senescent versus young individuals requires further examination. Finally, common murres breeding at Duck Island could be higher quality and/or more experienced individuals than those breeding at Gull Island. Recent studies of seabirds suggest substantial heterogeneity in quality of individuals breeding at the same colonies (e.g. Cam et al. 1998 Cam et al. , 2002 . Considering the almost exponential increase in numbers of common murres at Gull Island and the steady decline at Duck Island, it is plausible that het-erogeneity in quality of individuals is higher at Gull Island compared to Duck Island. Factors affecting adult survival probably consist of predictable/unavoidable (e.g. climate-driven changes in food resources) and unpredictable/random (e.g. collision with a rock) elements. Thus, the persistence of high-quality experienced breeders at Duck Island is mostly a result of unavoidable factors (food limitations), whereas random effects prevail in determining the persistence of lowquality inexperienced breeders at the Gull Island colony.
It is extremely important to be able to distinguish among the scenarios described above, as it would allow us to predict responses of colonies with differential numerical trajectories to future environmental perturbations. For instance, a colony of murres at Gull Island has increased from a few to 1000s of individuals during the last 3 decades, probably due to the sudden appearance of relatively unlimited food supplies resulting from climate-driven changes in the ecosystems of the Gulf of Alaska (Anderson & Piatt 1999 ). Because of food-rich environments, birds of varying quality were able to reproduce successfully at this colony. If environmental conditions return to a prior state of the ecosystem, an unprecedented decline in numbers of breeding murres would be observed at this colony due to an increased proportion of inferior phenotypes. Whether individuals that would not be able to sustain breeding at the Gull Island colony would move somewhere else or die is not clear.
From 1996 to 1999, directly measured food abundance was higher in the vicinity of Gull Island compared to Duck Island (Piatt 2002) . However, during the last 2 yr of observations (2000 and 2001) , both measures of CORT tended to be higher in murres on Gull Island than on Duck Island (Fig. 1) . This suggests that during our study we probably witnessed the beginning of a regime shift in the ecosystem of Cook Inlet. Thirty years ago, breeding murres were much more numerous on Duck Island compared to Gull Island, probably reflecting former abundances of food in the vicinities of those colonies (Piatt & Anderson 1996) . Based on changes in food availability (as gauged by CORT), we predict that again Gull Island is becoming a food-poor colony, whereas Duck Island is becoming a food-rich colony.
